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During primary tuberculosis infection and in the persistent
state Mycobacterium tuberculosis survives within macrophages in
phagosomes where the environment is characterized by low nutri-
ent and oxygen supply, exposure to hydrogen peroxide and reac-
tive oxygen and nitrogen intermediates [1,2]. These compounds
are used by phagocytic cells to eliminate internalized bacteria
[3,4], but several pathogens, for instance Salmonella typhimurium
and M. tuberculosis, are able to escape elimination which leads to
long term survival and persistent infection [5].
Sulfur metabolism and cysteine biosynthesis are of signiﬁcant
importance in M. tuberculosis pathogenesis and disease control
[6,7], not at least because cysteine is one building block of mycoth-
iol, a major metabolite for defence against oxidative stress in M.
tuberculosis [8]. To date two independent cysteine biosynthesis
pathways were characterized in this pathogen. The conventional
pathway, analogous to that found in other eubacteria and plants
[9–11] starts from L-serine. Serine acetyltransferase (CysE,chemical Societies. Published by E
hospho-L-serine; rmsd, root
; CysO-SH, thiocarboxylated
ulosis; EcCysM, CysM from
tuberculosis.
der).Rv2335) converts L-serine into O-acetyl-L-serine [12], which is
metabolized to L-cysteine by the PLP-dependent OAS sulfhydrylase
CysK1 (Rv2334) [13] by the addition of sulﬁde provided by the sul-
fate reduction pathway [14,15]. The alternative CysM (Rv1336)
dependent pathway uses O-phospho-L-serine as substrate [16,17]
and thiocarboxylated CysO (CysO-SH) (Rv1335) as sulfur source
[18] and appears to be speciﬁc to the Actinomycetes group includ-
ing Mycobacteria, Corynebacteria and Streptomyces. Gene expres-
sion proﬁling of M. tuberculosis under oxidative stress showed
up-regulation of both cysM and cysO [19] suggesting that this path-
way may be of particular importance in the dormant phase of the
pathogen. Further evidence for the essential role of this pathway in
this pathogen comes from high density mutagenesis screens
demonstrating that mutants carrying transposon insertions in
cysM and/or cysO are attenuated in macrophages and in a mouse
TB-model [20,21].
CysM from M. tuberculosis belongs to the fold type II family of
PLP dependent enzymes [22], and performs a variant of the reac-
tion cycle typical of O-acetylserine (OAS) sulfhydrylases [23]
(Scheme 1). In the ﬁrst half reaction, the enzyme reacts with
O-phosphoserine (OPS) to form the characteristic a-aminoacrylate
intermediate, species III in scheme 1 [16–18]. In the second step,
which differs in mechanism to some extent from bona ﬁde
sulfhydrylases, sulfur is provided by the small sulfur carrier CysO
instead of sulﬁde derived from the sulfate reduction pathway
[16–18]. The crystal structures of native M. tuberculosis CysM
[16] and the K204A mutant [24] reveal an open conformation oflsevier B.V. All rights reserved.
Scheme 1. The reaction cycle of MtbCysM.
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Binding of CysO-SH induces conformational changes in CysM, i.e.
domain rotation and ordering of the C-terminal residues, that ren-
der the active site inaccessible from the solvent [24].
Here we present the crystal structure of dimeric CysM from M.
tuberculosis that reveals one subunit in a closed conformation
showing considerable structural differences to the closed confor-
mation obtained in complex with the sulfur delivery protein CysO.
We provide kinetic data highlighting the importance of the C-ter-
minal ﬁve amino acids of CysM which are inserted in the active site
cleft and contribute to the complete closure of the substrate bind-
ing site. Removal of this segment leads to decreased lifetime of the
a-aminoacrylate reaction intermediate, increased susceptibility to
oxidation by oxidative agents such as hydrogen peroxide, and the
partial loss of selectivity towards CysO-SH as sulfur donor.
2. Materials and methods
2.1. Gene cloning, mutagenesis, protein expression and puriﬁcation
Puriﬁcation of recombinant wild-type CysM from Mycobacte-
rium tuberculosis (MtbCysM) was carried out using the protocol de-
scribed earlier [16]. The coding sequence for the truncated variant
of M. tuberculosis CysM lacking the ﬁve carboxy-terminal amino
acids (CysM(D319323)) was ampliﬁed by PCR using the appro-
priate ampliﬁcation primers and the cloned cysM (Rv1336) gene
as template. The DNA fragment was ligated in the pET28a expres-
sion vector using the upstream NdeI and downstream HindIII
restriction sites. The primary expression product has an N-terminal
hexahistidine-tag followed by a thrombin recognition sequence
supplied by the pET28a expression cassette. Production and puriﬁ-
cation of the truncatedMtbCysM mutant followed the same proce-
dure as for wild-type enzyme [16].
Recombinant CysK1 from M. tuberculosis was produced using
the protocol previously described [13]. CysO-SH was prepared
according to [25]. CysM from E.coli was cloned and expressed in
the expression vector pET28a (Novagen). Recombinant CysM from
Escherichia coli (EcCysM) was produced with a hexahistidine-tag at
the N-terminus with the E. coli BL21(DE3) strain as expression host
at 37 C and puriﬁed to homogeneity by Ni-NTA afﬁnity and sizeexclusion chromatography using a Sephadex 200 column (Pharma-
cia Biotech) equilibrated with 25 mM Tris–HCl, pH 8.0, 150 mM
NaCl.
2.2. Enzyme activity assay: Cysteine formation from OPS and Na2S
Recombinant wild-type CysM and CysM(D319323) were as-
sayed for O-phosphoserine sulfhydrylase activity spectrophoto-
metrically at 560 nm by monitoring the formation of cysteine
using the acid-ninhydrine method [26]. The assays were carried
out in a total volume of 2.0 ml at pH 7.5 at 37 C. The reaction mix-
tures contained 100 mM Tris–HCl, 5 mM O-phospho-L-serine and
5.0 lg of enzyme and 4 mM sodium sulﬁde. Aliquots of 250 ll
were taken at various time points and the reaction was stopped
by the addition of trichloro-acetic acid (ﬁnal concentration
16.6%). Following centrifugation the amount of cysteine was deter-
mined spectrophotometrically using a standard curve for cysteine
in the range 0.04–0.8 mM.
2.3. Determination of kinetic parameters for the ﬁrst half reaction
The ﬁrst half reaction with O-phosphoserine was followed with
a stopped-ﬂow spectrophotometer in 100 ll reaction volumes by
monitoring the appearance of the a-aminoacrylate intermediate
at 463 nm in 100 mM Tris–HCl buffer at pH 7.5. Substrate concen-
trations were 0.125, 0.25, 0.5, 1.0, 1.5 and 2.0 mM with an enzyme
concentration of 12 lM. The reaction with O-acetylserine as sub-
strate was carried out using concentrations of 1.0, 2.0, 3.0, 4.0
and 5.0 mM, and an enzyme concentration of 23.8 lM, under
otherwise identical conditions.
2.4. Preparation of the enzyme-aminoacrylate intermediate
The enzyme was mixed with the relevant substrate (OPS for
MtbCysM and MtbCysM(D319323), OAS for MtbCysK1) and incu-
bated at 22 C for 5 min. Subsequently the mixture was passed
through a NAP5 desalting column to remove the residual substrate
and the enzyme intermediate was eluted in the reaction buffer
100 mM Tris–HCl, pH 7.5. The reaction intermediate in EcCysM
has considerably lower stability, and therefore the desalting step
332 D. Ågren et al. / FEBS Letters 583 (2009) 330–336was omitted. Instead the substrate OAS was added in twice molar
excess (120 lM) to the enzyme solution (60 lM) prior to the
measurements.
2.5. Decomposition of the aminoacrylate intermediate by CysO or
hydrogen peroxide
The spontaneous decomposition of the enzyme-aminoacrylate
intermediate was followed spectrophotometrically at the wave-
length characteristic for the a-aminoacrylate in the three homo-
logues, 463 nm for MtbCysM [16], 469 nm in the case of
MtbCysK1 [13] and 470 nm in the case of EcCysM.
The conversion of the aminoacrylate intermediate in response
to the addition of CysO-SH, Na2S or hydrogen peroxide was moni-
tored spectrophotometrically, using a stopped-ﬂow instrument
when required, at the same wavelengths as above. Concentration
ranges used were 15, 30, 45 and 60 lM for CysO-SH and 0.0625,
0.125, 0.25, 0.5, 0.75, 1.0 mM for the reaction with Na2S. The
decomposition of the reaction intermediate by hydrogen peroxide
was measured at concentrations of 14.7, 29.4, 88.2, 132.3, 176.4
and 264.6 mM in the case of CysM(D319323) and CysK1, and
441.0, 586.6, 881.97 and 1117.3 mM in the case of wild-type CysM.
The kinetic analysis of the individual half-reactions and deter-
mination of the kinetic parameters was carried out using the for-
malism described in [23,27]. First order rate constants (kobs) were
derived from an exponential ﬁt to the recorded time courses. The
ﬁrst order rate constants were plotted against substrate concentra-
tions and ﬁtted to a linear equation to obtain the second order rate
constants (kmax/KS).
2.6. Crystallization and data collection
Diffraction quality crystals of CysM were obtained using the
protocol as described [16]. Before data collection crystals were
ﬂash-frozen in liquid nitrogen, without the addition of any cryo-
protectants. X-ray data to 2.05 Å were collected at beamline
ID14:4 of the European Synchrotron Radiation Facility (ESRF, Gre-
noble, France) at 110 K. The X-ray data were processed and scaled
with the programs MOSFLM and SCALA from the CCP4 suite [28].Table 1
Statistics of data collection and reﬁnement. Numbers in parentheses are for the
highest resolution shell.
CysM
Data collection
Resolution (Å) 2.05 (2.05–2.16)
No. of reﬂections
Overall 156119 (22711)
Unique 41528 (5922)
Multiplicity 3.8 (3.8)
Rsym (%) 8.6 (55.4)
Mean I/r (I) 12.2 (2.0)
Completeness (%) 98.1 (98.1)
Wilson B-factor (Å2) 28.1
Reﬁnement
Resolution 50.0–2.05
No. of reﬂections
Working set 39379
Test set 2092
R-factor (%) 19.8
Rfree (%) 24.7
No./B-factor (Å2) protein atoms 4797/37.2
PLP 32/24.1
Water molecules 324/39.2
R.m.s.d
Bond distance (Å) 0.013
Bond angle 1.528
Ramachandran plot: residues in most favourable 92.8
additionally allowed (%) 7.2The crystals belong to the space group P212121 with cell dimen-
sions a = 74.9 Å, b = 89.1 Å, and c = 99.4 Å. The statistics of the data
set are given in Table 1.
2.7. Molecular replacement and crystallographic reﬁnement
The structure was solved by molecular replacement using the
MtbCysM structure determined previously, PDB code 3DKI [16]
and the program MOLREP [29]. Inspection and rebuilding of the
protein model was carried out with the program Coot [30], based
on sigma-A weighted 2Fo–Fc and Fo–Fc electron density maps
[31]. Manual adjustment was interspersed with rounds of reﬁne-
ment using Refmac5 [32]. Water molecules were added based on
peak heights, shape of the electron density, temperature factor
and capability to form hydrogen bonds with surrounding protein
residues and/or other water molecules. The ﬁnal model contains
two chains of CysM corresponding to the biological dimer, amino
acid residues 3–314 from chain A, residues 1–323 of chain B, two
PLP molecules and 324 water molecules. The nine last residues in
the carboxy-terminus of chain A did not have deﬁned electron
density. Details of the reﬁnement and protein models are given
in Table 1. The crystallographic data have been deposited with
the Protein Data Bank, accession code 3FGP. Figures were made
using the program Pymol (http://www.pymol.org).3. Results
3.1. CysM shows open and closed conformations in the absence of
substrates
CysM consists of two domains, reﬂecting the typical fold of type
II PLP enzymes [22,33] with the cofactor pyridoxal-phosphate
covalently bound to the invariant lysine residue (Lys51) at the ac-
tive site. The crystals described here are of the same space group
as those used for the initial structure determination [16], but the
crystallographic data collection was carried out without the addi-
tion of cryo-protectant, i.e. the crystals were frozen directly from
the mother liquor. Very surprisingly, we observe a novel, closed
conformation of CysM in these crystals, not described previously.
The asymmetric unit contains one dimer, and the structure of the
open subunit (chain A) is very similar to the one described earlier
[16]. However, the structure of the second subunit (chain B) shows
signiﬁcant differences to the open conformation seen in subunit A
(Fig. 1A). All major differences in the structures between the two
chains are found at the entrance of the active site and involve three
surface loops, L-6 (residues 103–108) including the following helix,
L-8 (residues 124–132) and L-15 (residues 210–229). In particular
L-15 undergoes complete rearrangement, with a maximum dis-
placement of the tip of the loop by 14 Å. Another important struc-
tural change occurs at the C-terminus, where the chain, which is
disordered in the subunits showing the open conformation, adopts
a well deﬁned conformation and extends the C-terminal helix by
one turn. The last C-terminal amino acids (residues 319-GQLWA-
323) are inserted into the active site cleft (Fig. 1B). This ﬁve resi-
due-long sequence is located between the substrate–carboxylate
binding loop (residues 78–82), a segment of the mobile loop L-
15, the N-terminus of helix-8 (residues 264–285) and helix-9 (res-
idues 298–304). The carbonyl oxygen atom of Gln320 forms a
hydrogen bond with the backbone amide nitrogen of Thr303. The
side chain of Trp322 is stacking against Pro 210 and its main chain
amide is engaged in a hydrogen bonding interaction with the main
chain carbonyl oxygen atom of Glu214. The oxygen atoms of the ter-
minal carboxyl group are within hydrogen bonding distance to the
backbone amide of Asn81 and two water molecules located at the
active site. The distance between the nitrogen of the internal
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Overall the conformational changes in subunit B result in a closed
conformation which renders the active site completely inaccessible
to the solvent (Fig. 2).
The overall structures of CysM in the closed conformation de-
scribed here, and the closed conformation of CysM when bound
to the sulfur carrier CysO [24] are similar (root mean square devi-Fig. 1. (A) Superposition of the open and closed conformation of MtbCysM illustrating th
closed (chain B) in blue. The positions of the loop regions that control access to the acti
active site region of MtbCysM in the closed conformation. The structure of the enzyme
the active site are highlighted by blue carbon bonds. Enzyme residues lining the active
bonds. Hydrogen bonds are indicated by dotted lines. Parts of the reﬁned 2Fo–Fc map, c
Fig. 2. (A) Surface representation of MtbCysM in the open conformation, highlighting t
aldimine bond of the cofactor to the catalytic lysine residue is accessible for the substrate
inaccessible, and the internal aldimine is completely shielded from the solvent. The mob
coloured in green, yellow and cyan, respectively. The C-terminal residues, which are disation of 2.0 Å based on 312 equiv. Ca atoms), but there are several
remarkable local differences. One of these involves loop L-15
which undergoes a large conformational change upon binding
to CysO and forms the majority of the interaction with CysO. The
ﬁve C-terminal residues remain inserted into the active site, but
the conformation of this polypeptide segment and in particular
the interactions of the side chains with residues from the activee closure of the active site. The open conformation (chain A) is shown in red and the
ve site are indicated by arrows and the C-terminus is labelled by C. (B) View of the
is shown in grey cartoon representation. The ﬁve C-terminal residues pointing into
site and engaged in interactions with the C-terminus are shown by yellow carbon
ontoured at 1.0r, are superimposed.
he deep cleft that leads to the active site. PLP is shown as a stick model, and the
. (B) Surface representation ofMtbCysM in the closed conformation. The active site is
ile surface loops L-6, L-8 and L-15 responsible for the closure of the active site are
ordered in the open conformation, are shown in pink.
Fig. 3. Stability of the a-aminoacrylate intermediates in cysteine synthases.
Disappearance of the intermediate was monitored at 463 nm (MtbCysM), 469 nm
(MtbCysK1) and 470 nm (EcCysM). The time course of the reaction was followed at
enzyme concentrations of 15 lM (60 lM in case of EcCysM) in 100 mM Tris–HCl
buffer at pH 7.5.
334 D. Ågren et al. / FEBS Letters 583 (2009) 330–336site pocket are different. Furthermore, a segment in the N-terminal
domain comprising residues 72–152 is shifted towards the active
site (about 8 Å maximum distance between equivalent Ca atoms)
in the CysM-CysO complex. In summary the structural studies of
CysM have so far revealed three different conformations of the en-
zyme, with an open conformation accessible for substrates, and
two closed conformations in the absence and presence of the sulfur
carrier CysO.
3.2. Modelling of the a-aminoacrylate in the MtbCysM active site
The size of the active site cavity suggests that the substrate OPS
can be accommodated in the open conformation [16], whereas
binding of OPS in the closed conformation appears impossible
due to steric hindrance. However, the active site cavity in the
closed conformation is large enough to harbour the a-aminoacry-
late intermediate, after elimination of the phosphate group of
OPS. Modelling of the a-aminoacrylate-CysM in the closed confor-
mation was based on the experimentally determined structure of
the corresponding complex of MtbCysK1 [13] (PDB code: 2Q3D)
resulting in a model free of clashes and with reasonable interac-
tions of the intermediate with surrounding residues. The car-
boxyl-oxygen atoms of the aminoacrylate form hydrogen bonds
to the backbone oxygen of Ser79, to the side chain of Thr82 and
to carboxy terminus of Ala323.
3.3. The a-aminoacrylate intermediate in CysM from Mycobacterium
tuberculosis shows extraordinary stability
During the course of our work with MtbCysM we noticed an
unusual stability of the a-aminoacrylate intermediate. The sponta-
neous decay of this reaction intermediate, monitored spectropho-Table 2
Kinetic parameters of the individual half-reactions for wild-type CysM and CysM(D319
monitoring the appearance (in the case of OPS or OAS) or disappearance (in the case of
evaluated using the formalism described by Cook and co-workers [23,27].
CysMa
Substrate OPS OAS
kmax /Ks (M1 s1) 1.34  103(±48.25) 2.1(±0.2
Substrate CysO-SH Sulﬁde
kmax /Ks (M1 s1) 1.46  105 (±2.2 104) 110.5 (±
a Data taken from [16].tometrically at pH 7.5, occurs with a half life of more than four
hours. A comparison to the lifetimes of this intermediate in the
homologues CysM from E. coli and CysK1 from M. tuberculosis
shows that the breakdown of the reaction intermediate is consid-
erably faster in these enzymes, with half-times of 2100 s in
MtbCysK1 and 90 s in EcCysM (Fig. 3).
3.4. Characterization of the truncated mutant MtbCysM(D319323)
The ﬁnding that active site closure in CysM can occur in the ab-
sence of CysO prompted us to investigate if the short ﬁve residue
long C-terminal peptide (GQLWA) has a role in stabilizing the
closed conformation and protection of the reaction intermediate.
A truncated mutant of MtbCysM lacking these ﬁve amino acids at
the C-terminus was cloned, expressed and puriﬁed to electropho-
retic homogeneity. The data from size exclusion chromatography
indicated that the truncated mutant protein also was a dimer in
solution, and the UV–Vis spectrum of the puriﬁed protein con-
ﬁrmed the presence of the PLP cofactor as the internal aldimine.
The spontaneous decomposition of the a-aminoacrylate reaction
intermediate was much faster in the truncated CysM variant, with
a half life of approximately 750 s (Fig. 3).
A more detailed kinetic analysis was carried out to determine
the rate constants of the individual half-reactions with the sub-
strates OPS, OAS, sulﬁde and CysO-SH (Table 2). The apparent sec-
ond order rate constant of the ﬁrst half-reaction of
MtbCysM(D319323) with O-phosphoserine was approximately
six times greater than the value measured for wild-type MtbCysM,
and the rate constant for OAS also showed a modest increase. A lar-
ger change was found in the rate constants for the second half-
reaction (Table 2). The apparent second order rate constant with
thiocarboxylated CysO as sulfur donor decreased about 170-fold,
while the rate with sulﬁde increased 36-fold, which amounts to a
loss in selectivity for CysO versus sulﬁde by a factor of 6100. Con-
sistent with the above ﬁnding the enzyme assay measuring cys-
teine-production using OPS and sulﬁde ions as substrates
resulted in a 17 times higher speciﬁc activity for the truncated mu-
tant than for the wild-type enzyme.
3.5. Resistance of the CysM-aminoacrylate intermediate towards
hydrogen peroxide is dependent on the C-terminus
If the C-terminal tail acts as a plug that protects the a-aminoac-
rylate intermediate against attack by small nucleophiles such as
sulﬁde we reasoned that it might also shield the intermediate from
oxidative agents. The decomposition of the enzyme intermediate
was therefore monitored in the presence of hydrogen peroxide.
The second order rate constant (Table 3) of this side reaction is
more than 800 times greater in the MtbCysM(D319323) variant
(5.31  101 M1 s1) than in the wild-type enzyme (6.38 
104 M1 s1). Interestingly the O-acetylserine sulfhydrylase
CysK1 from M. tuberculosis shows a rate constant for H2O2 speciﬁc
degradationof the aminoacrylate intermediate, 3.29  101 M1 s1,
similar to the value observed for MtbCysM(D319323) (Table 3).323) from M. tuberculosis. The reactions were followed spectrophotometrically by
CysO-SH and sulﬁde) of the aminoacrylate intermediate at 463 nm. The data were
CysM(D319323)
OPS OAS
) 8.85  103(±10.7) 3.5(±0.1)
CysO-SH Sulﬁde
1.2) 857.0 (±39.2) 3.98  103 (±389.4)
Table 3
Kinetic parameters for the decomposition of the aminoacrylate intermediate by
hydrogen peroxide for the cysteine synthases CysM, CysM(D319323) and CysK1
from M. tuberculosis.
CysM CysM(D319323) CysK1
kmax /Ks 6.38  104 5.31  101 3.29  101
(M1 s1) (±4.6  105) (±2.6  102) (±1.4  102)
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H2O2 is not an artefact of oxidative, irreversible enzyme inactiva-
tion, because the aminoacrylate intermediate can be re-formed
by the subsequent addition of OPS or OAS to the enzyme solutions.
4. Discussion
4.1. The C-terminal controls access to active site – structural basis for
stability of the reaction intermediate
Active site closure and structural rearrangements of surface
loops are parts of the catalytic cycle of O-acetylserine sulfhydrylas-
es [13,34,35] as a means to protect reaction intermediates from un-
wanted side reactions. The a-aminoacrylate intermediate is
remarkably stable inMtbCysM, and structural as well as functional
data presented here point towards the C-terminal residues as key
elements in protecting the intermediate. Removal of the last ﬁve
residues in CysM prevents active site closure and opens a channel
that allows diffusion of small nucleophiles or oxidants into the ac-
tive site, with the consequence of a faster degradation of the a-
aminoacrylate–enzyme complex.
The results are consistent with available data for the homolo-
gous O-acetylserine sulfhydrylase CysK1 from M. tuberculosis,
which has a shorter C-terminus compared to MtbCysM and a a-
aminoacrylate intermediate with a signiﬁcantly shorter life time
than in CysM. In the crystal structure of MtbCysK1 with the
a-aminoacrylate intermediate [13] the Cb of the intermediate is
solvent accessible through a narrow channel from the enzyme sur-
face. We propose that insertion of the C-terminus into the active
site stabilizes the closed conformation, and that the extraordinary
stability of the reaction intermediate inMtbCysM (Fig. 3) and resis-
tance towards oxidation by hydrogen peroxide (Table 3) can be
attributed to this closed conformation. It is noteworthy that the
sequence of the C-terminal peptide with the exception Mycobacte-
rium ulcerans and Mycobacterium marinum is conserved in
members of the Actinomycetales group that contain the character-
istic CysM and CysO operon structure in their genomes. This sug-Fig. 4. Comparison of the closed conformations of CysM in the absence (blue) and presen
intermediate (labelled PLPA) is shown in orange. This model was derived form a superpo
of O-acetylserine sulfhydrylase CysK1 fromM. tuberculosiswith the a-aminoacrylate inte
in yellow. The arrows indicate the proposed gating mechanism, consisting of a rotation
binding loop, in particular the position of Val216, that facilitate access to the reaction ingests that the role of the C-terminus in stabilisation of the
reaction intermediate is a more general feature of these CysM
homologues.
4.2. Active site closure occurs after elimination of the phosphate group
from OPS
The reaction catalyzed by CysM can be divided into two half
reactions (scheme 1). The ﬁrst half reaction consists of substrate
binding, elimination of the phosphate group and generation of
the a-aminoacrylate intermediate. The second half reaction is ini-
tiated by the binding of thiocarboxylated CysO followed by a
nucleophilic attack on the aminoacrylate, the release of the reac-
tion product and regeneration of the internal aldimine. So far, crys-
tal structure analysis has revealed three different conformations of
the enzyme, one open and two closed. We propose that these con-
formational states are relevant for the catalytic cycle. The substrate
OPS is bound to the open conformation, because this conformation
provides access to the active site, and also is the only conformation
where residue Arg220, shown to be directly involved in recognition
of the phosphate group of OPS [16], is in a position close to the
phosphate group. In the two closed conformations this arginine
residue is located far away from the active site due to the structural
re-arrangement of loop L-15, and an involvement of this residue in
recognition of the phosphate group would be difﬁcult to rationalize
if this loop conformation were relevant in these early states of
catalysis. Furthermore, the open conformation provides sufﬁcient
space for binding of the OPS substrate at the active site and only
after release of the bulky phosphate group, i.e. formation of the
a-aminoacrylate intermediate, the conformational changes de-
scribed here can occur.
4.3. The C-terminus is involved in sulfur donor selectivity
Wild-type CysM shows a clear preference for CysO versus sul-
ﬁde as sulfur donor [16–18]. The rate constants for the second half
reaction show that this substrate preference is however compro-
mised in CysM(D319323) indicating that the C-terminus of CysM
plays an important role in substrate selectivity. The increase in the
rate constant for sulﬁde (Table 2) can be understood due to the in-
creased accessibility of the active site. In absence of the ﬁve C-ter-
minal residues a tunnel is formed and small nucleophiles, i.e.
sulﬁde can enter the active site and attack the a-aminoacrylate
intermediate.
The decrease in the rate with CysO as sulfur donor is not as
straightforward to rationalize. The structure of the CysM-CysOce (green) of the sulphur carrier CysO (3DWG, [24]). A model of the a-aminoacrylate
sition of CysM with the experimentally determined crystal structure of the complex
rmediate (pdb code 2Q3 D). The four C-terminal residues of CysO (VAGG) are shown
of the side chain of Trp322 at the C-terminus and the re-arrangement of the CysO
termediate by the C-terminal of CysO.
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minal residues and CysO. The mechanism leading to loss of speci-
ﬁcity is thus more indirect. In the closed conformation the
C-terminal peptide and the CysO binding loop L-15 form a small
hydrophobic core that is not found in the open conformation of
the enzyme. In The side chain of Trp322 as well as residues
Gly215-Val216 and Tyr217 of the CysO binding loop prevent any
potential nucleophile from accessing the a-aminoacrylate interme-
diate (Figs. 2B and 4). Binding of CysO to the enzyme results in re-
arrangement of this hydrophobic core by inducing a movement of
the loop L-15, and a rotation of the C-terminus including Trp-322
away from the PLP binding site. This allows the thiocarboxylated
C-terminus of CysO to approach the a-aminoacrylate intermediate
(Fig. 4). Removal of the last ﬁve residues could disrupt the CysO
docking site thus interfering with CysO binding, the accompanying
gating mechanism and the proper positioning of the thiocarboxy-
late required for the nucleophilic attack.
4.4. Cysteine biosynthesis in persistent M. tuberculosis may require
protection of the a-aminoacrylate intermediate
Under the oxidative conditions during the persistent phase of
the bacteria the CysM/CysO pathway appears to be the dominant
route to cysteine [20,21]. The higher stability of both substrates,
OPS compared to OAS [36] and CysO-SH compared to sulﬁde favour
this pathway over the conventional route to cysteine in bacteria
under oxidative stress. The reaction cycle of all PLP dependent cys-
teine synthases includes however a relatively unstable, oxidation
sensitive reaction intermediate. The increase in stability and resis-
tance of the a-aminoacrylate intermediate in MtbCysM catalysis
towards hydrogen peroxide due to the protective C-terminus, not
found in most other cysteine synthases, might further favour this
pathway of cysteine supply.
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